A cylindrical fragment of stalagmite from Caverna do Diabo, State of São Paulo, Brazil, has been studied and dated by thermoluminescence and electron paramagnetic resonance techniques. The thermoluminescence glow curves of stalagmite samples and subsequently gamma irradiated, have shown rise of three peaks at 135, 180 and 265 °C. From electron paramagnetic resonance spectra of stalagmite was possible to clearly identify three paramagnetic centers in the g = 2.0 region: Centers I, II and III are due to , and , respectively. The additive method was applied to calculate the accumulated dose using thermoluminescence peak at 265 °C and the electron paramagnetic resonance signal at g = 1.9973 of CO -2 radical. The ages of the different slices of stalagmite were determined from the D ac -values and D an -value, obtaining an average of 86410 for central slice, 53421 for second slice, 31490 for third slice and 46390 years B.P. for the central region of upper end.
INTRODUCTION
Many caves in nature are characterized by speleotherms such as stalagmite, stalactite, dolomite, etc.
Some of them may have originated more than millions years ago.
The use of cave deposits, such as speleothems, mainly stalagmites, is a powerful tool for the study of past climatic and environmental evolution (Gascoyne 1992, Lauritzen and Lundberg 1999) . The stalagmites generally contain brown rings; the brown rings in a stalagmite may be markers of the same age (Ikeya 1993) . The origin of such brown rings in cave deposits may be considered due to SHIGUEO WATANABE et al. flooding or to an extraordinarily high precipitation that brought a large amount of small clay particles as inclusions into the stalagmite (Ikeya 1980, Arakawa and Hori 1989) . Brown rings can be used as an indicator of the paleoclimate, like an age indicator in dendrochronology (tree ring counting), at the local level. These brown rings or clay sediments might have occurred at the time of a global change in the climate, or due to changes in the groundwater level related to sea-level changes (Ikeya 1993) . The study of stalagmite is thus a powerful tool for the high-resolution reconstruction of past climate changes and the period of each change. Through the dating of stalagmite it is possible to support the paleoenvironmental studies based on the stalagmite growth with the time. Therefore, the study of stalagmites is a powerful tool for reconstruction and determination of the period of the past climate changes.
Caverna do Diabo (Devil´s Cave) is an extensive cave located in southeast of the São Paulo State, Brazil (24°38'0"S and 48°24'0"W) (see Fig.  1 ), with 6340 m of galleries already identified and unevenness of the order 175 m. It is well known due to a large number of huge stalagmites and stalactites. The wall of the cave is mainly composed of dolomite, but, calcite is also part of the wall in many parts.
Dating by TL and/or EPR techniques is a particular application of dosimetry using natural minerals such as carbonates (in this work stalagmite), as dosimeters of environmental radiation arising from the decay of naturally occurring U, Th and K. The TL or EPR intensity of natural samples is proportional to the absorbed dose up to dating. Both dating techniques are radiogenic methods that can be used to determine the amount of radiation damage stored in a solid material. These techniques are based on the measurement of radiation-sensitive TL or EPR signals which begin to form after crystallization or can grow after being reset to zero or reduced to a residual level by exposure during depositional processes (McKeever 1985 , Wintle 1997 , Ikeya 1993 , Bartoll and Ikeya 1997 , Aitken 1985 , Grün 1989 . A study of the thermoluminescent and EPR response of the stalagmite sample from Devil´s Cave with gamma irradiation is reported in this work in order to find an alternative material for dating by TL and EPR techniques. Furthermore, we present the first results of dating of a stalagmite from the Devil´s Cave, São Paulo State, Brazil. There is no evidence in the literature about dating of stalagmite using both techniques for this cave.
MATERIALS AND METHODS
A cylindrical fragment of stalagmite was collected from Devil's Cave, State of São Paulo, Brazil (see Fig. 1 ). Fig. 2a shows a picture of a piece of stalagmite that has a diameter of about 15 cm and 37 cm length. From lower end of the stalagmite cylinder, about five grams around central axis, another five grams from 2 cm to 4 cm cylindrical layer from the central axis and another five grams from 4 cm to 6 cm cylindrical layer from the central axis were extracted, which were labeled as 1, 2 and 3 (See Fig. 2b) .
The samples labeled as 1, 2 and 3 were first crushed and then sieved, retaining grains between 0.080 and 0.180 mm in size. These powders were irradiated with gamma-rays at doses in the range of tens of Gy up to 600 Gy. The additive dose method was used to determine the accumulated dose (D ac ) in TL as well as in EPR measurements.
The crystal structure of stalagmite sample was examined by X-ray diffraction (XRD) analysis; utilizing a Rigaku diffractometer with Cu-k α radiation and using a 10 -70° scan range.
Concentrations of U, Th and K in the stalagmite samples were determined by means of Instrumental Neutron Activation Analysis (INAA) analysis.
The TL measurements were performed in a nitrogen atmosphere using a model 4500 Harshaw TL reader equipped with two photomultiplier tubes, which could record luminescence signals independently. The reader was controlled by WinREMS Software, which was supplied with the spectrometer and was run on a Windows computer. The heating rate used in the TL measurements was 4 °C/s. Each point in the glow curve represents an average of six readings. EPR measurements were carried out with a Bruker EMX EPR spectrometer operating at X-band frequency with 100 kHz modulation frequency. One hundred milligrams of powdered sample were used for each measurement. Fig. 3 shows the XRD pattern of the stalagmite sample of this work and the pure standard calcite. The result of XRD was analyzed using computer software and compared with the standard spectrum of calcite cataloged by JCPDS (Joint Committee Powder Diffraction Standards). The XRD spectra show that all the peaks are of calcite. Fig. 4 shows the glow curves corresponding to the TL from a natural sample and the artificial TL following gamma irradiation with dose from 10 Gy up to 1240 Gy for the slice 1. The sample exhibits three TL peaks, one around 125 °C, other at 180 °C and another broad peak centered at 265 °C. This last peak has been used to obtain D ac -values by additive method. The inset of Fig. 4 shows the increase in the intensity of the 265 °C TL peak with γ dose for the slice 1.
RESULTS AND DISCUSSION
For the determination of the accumulated dose by additive method, the dose-response curves of the TL peak and the EPR signal of the samples were fitted using an exponential function. This fitting function is:
( 1) where I is the measured TL or EPR intensity, D is the gamma dose, I 0 is the saturation intensity, SD is the saturation dose and D ac is the accumulated dose. An accumulated dose of 89.4 ± 6.7 Gy has been obtained from the TL dose response curve (inset of Fig. 4) . Similar measurements yield D acvalues for slice 2 and 3, as well as for the central part of the stalagmite from the other end.
The room temperature EPR signal of irradiated stalagmite (Dose: 600 Gy) is shown in Fig. 5 . Three distinct centers could be identified which are labeled as center I, center II and center III. Center I is the CO -2 ion with principal g-values: g 1 = 2.0028, g 2 = 2.0020 and g 3 = 1.9973. The natural and irradiated EPR spectra of the samples labeled as 1, 2 and 3 were found to be similar. The EPR signal of the calcite crystal at g = 1.9973 is most suitable signal for dating due to radiation-sensitive, stable over geological times and gives more realistic age estimates (Ikeya 1993 , Barabas et al. 1992 , Engin et al. 1999 , Smith et al. 1985 . The EPR signal of CO -2 ion was used in the present dating experiments. Fig. 6 shows the behavior of the intensity of the EPR signal at g =1.9973 as a function of gamma dose. Applying the additive method, the accumulated dose D ac was estimated to be about 95±9 Gy for slice 1, comparable to the value obtained by TL measurements. The determined D ac for another two samples are given in Table I . Table I shows the D an and the age of the stalagmite sample obtained by TL and EPR techniques respectively. The annual dose rate determination was carried out by measuring the concentrations of 238 U, 232 Th and 40 K in the stalagmite using the INAA method. The concentration of the uranium, thorium and potassium did not significantly change from center and the external layer of the studied stalagmite materials. The calculated annual dose rate D an = 1.067 ± 0.107 mGy. The dose of cosmic rays can also be assumed to be negligible in underground environments like caves. The age of the samples (labeled as slices 1, 2 and 3) obtained by EPR method are comparable to the value obtained by TL measurements. These results confirm the geological interpretation on the formation of Devil´s Cave.
CONCLUSIONS
Ages of different positions of stalagmite by EPR and TL are close to each other within experimental error. The average age of the central part of stalagmite is in the order of 86410 years. The coherence of the dating by TL and EPR techniques and the presence of rings show that this stalagmite can be used as a high-resolution climatic record. The growth rate from lower and to upper end along the axis is about 0.82 cm per 1000 years, a slow process. Horizontally the growth rate is much slower; 0.09 cm per year.
